. All of these studies except the one in 1980 (2) collected sediment by dredge from at least five depositional sites within 1 km from the coke plant outfall downstream (7) . In 1980, all sediments were collected within 100 m of the coke plant outfall (2) . After extraction, sediment PAHs were analyzed by capillary column gas chromatography and gas chromatography-mass spectrometry (7, 8) . A suite of metals and organochlorines were also analyzed in the Black River sediment sample taken in 1984 (9) . We collected brown bullhead of 250 mm or longer, corresponding to age 3 or older, within 1 km of the coke plant discharge pipe by overnight sets of Fyke nets (5) during 1980, 1981, 1982, and 1987 . Brown bullhead were sampled for chemical analysis in May 1980 (two composites of five fish each), September 1981 (two composites of three fish each), and September 1982 (eight individual fish). We analyzed whole fish for PAHs using a gas chromatography-mass spectrometry procedure (10) .
Brown bullhead >250 mm were randomly selected in the spring of 1982 (N = 124) and 1987 (N = 80) for necropsy and histopathology (5) . Livers were excised and preserved in 10% neutral-buffered formalin. Tissue blocks were cut at approximately 1-cm intervals from four to seven levels with increasing liver size and to include grossly visible lesions. Blocks were sectioned at 5 pm, stained with Mayer's progressive hematoxylin and counter-stained by alcoholic eosin phloxine. Lesions were diagnosed and slides archived at the Registry of Tumors in Lower Animals, Smithsonian Institution.
We determined the age of the fish by examining pectoral spines. Spines were removed in the field and processed by a modification (5) of the methods of Marzolf (11) and Scholl (12) . Spines were decalcified and sectioned with a microtome cryostat to varying (25-150 pm) thicknesses. We counted rings denoting annual growth cycles using both a dissecting scope with refracted light and projection scope.
Liver lesions of hepatocellular origin were diagnosed at three levels of severity by criteria already described (5) . Hepatocytic neoplasms ranged from a pre-or incipient stage (hepatocellular alteration) through a benign stage (hepatocellular adenoma) to cancer (hepatocellular carcinoma). Cholangiocytic (biliary) neoplasms ranged from a benign stage (cholangioma) to cancer (cholangiocarcinoma) (5) .
Individual fish with multiple lesions, which was usually the case, were categorized only according to the most advanced liver lesion of each type diagnosed histologically. Thus, a specimen with cancer as well as less advanced lesions would be included only with the segment of the population having cancer. However, specimens were enumerated separately for both biliary and hepatic neoplasms. We used a chi-square test to statistically compare categories of age and tumor frequency.
Results and Discussion
Surficial sediment concentrations of PAHs declined rapidly from 1980 through 1987 ( (2) . In 1980 and 1981, 3-year-old fish had a tumor frequency of 18% and 12%, respectively, and 4-year-old fish had a tumor frequency of 44% and 29%, respectively (13) . All of the tumors preserved were diagnosed as cholangiocarcinomas. Hepatocellular lesions were not grossly apparent in the livers. These gross tumor frequencies from 1980 and 1981 are similar to the cholangiocarcinoma frequencies in the 1982 study (Table 4) .
Three-year-old and 4-year-old fish captured in 1987 would have hatched in years 1984 and 1983, respectively. The significant decline in liver cancer in these fish compared to mature fish captured in 1982 (and exposed during prior years) corresponds to the significant decline in PAHs found in surficial sediment between 1980 and 1987 and the decline in PAHs residues from bullheads captured in 1982. Because bullheads primarily eat on or near the surface of the sediment (13), a decrease in exposure would be expected if PAH levels in sediment had been reduced. Reduced PAH input, siltation processes, and perhaps degradation have contributed to the observed decline in PAH levels in the surficial sediment.
Liver neoplasms in fish have been strongly associated with environmental carcinogens. At least 16 species have been documented with epizootic liver tumors in association with contaminated sediment in several dozen North American waterways. One extensive series of studies focused on liver tumor frequency in English sole (Pleuronectes vetulus) from different areas within Puget Sound, Washington (3). Only sediment concentrations of PAHs were significantly correlated with liver tumors in English sole; concentrations of metals and chlorinated hydrocarbons were not (14) . Similarly, mummichog (Fundulus heteroclitus) from a PAH-polluted site on the Elizabeth River, Virginia, had a 93% incidence of liver lesions and a 33% frequency of liver cancer, whereas a population of the same species directly across the river (600 m away) had no detectable lesions (4) .
A cause-and-effect relationship between PAHs and liver neoplasia in populations of wild fish has been further strengthened by the experimental induction of liver tumors in fish by PAHs (15, 16 This study is the first to record a reduc- tion in liver neoplasm frequency and severity associated with a reduction in PAH exposure for an environmentally exposed population of wild fish. Because reduction in the supposed causal variable preceded the reduction in the effect, the time-order criterion for cause and effect is satisfied (19) . Although epizootiologic studies cannot prove cause and effect, the altered frequency or intensity of an effect caused by an intervention or remedial action can provide the strongest support possible for a causal hypothesis concerning a free-living population (20) . We therefore conclude that 1) the high liver tumor frequency seen in Black River brown bullhead catfish was the result of PAH exposure and 2) biologically available concentrations of PAHs will decline naturally in depositional areas once the source of the contamination is eliminated.
